A thermodynamic analysis of the onset driving force for crystallization of super-cooled liquid has been conducted to explain strong composition dependency of the glass forming ability in the CaMg-Zn ternary alloy system observed experimentally. In addition to the onset driving force, other energetic and kinetic factors are discussed to explain the observed glass stabilities. The universality of this method is discussed, thus establishing an analytic approach for determining the most stable glass in a given alloy system.
Introduction
Ca-Mg-Zn bulk metallic glasses are relatively new class of amorphous alloys. The first bulk glassy alloys in this system, Ca 64 Mg 15 Zn 21 , Ca 60 Mg 16 Zn 24 and Ca 55 Mg 18 Zn 27 , were reported by Senkov and Scott in 2003 [1] , and after that several other compositions were reported and their glass forming ability and thermal stability were analyzed in detail [2] [3] [4] [5] [6] . The Ca-Mg-Zn bulk metallic glasses have unique properties, such as low density (~2.0 g/cc), low Young's modulus (~17-20 GPa) comparable to the modulus of human bones, low glass transition temperature (T g~1 00 o C) and a wide temperature range of super-cooled liquid (∆T xg =T x -T g ~30-70 o C). The elements are fully biocompatible making these alloys attractive for use in biomedical applications. While most Ca-based crystalline alloys are reactive and oxidize in air in a matter of days, these Ca-based metallic glasses have much better oxidation resistance and retain shiny surfaces long after casting. Corrosion resistance of some of these glassy alloys is comparable to that of Fe-based bulk metallic glasses and Mg-based crystalline alloys [7] . It is also noteworthy that this ternary metallic glass system is based on two simple metals, Ca and Mg, which distinguishes the Ca-Mg-Zn system from transition metal based bulk metallic glasses [8] .
Recently the glass forming ability (GFA) of ternary Ca-Mg-Zn bulk glassy alloys was experimentally analyzed as a function of alloy composition [6] , and the maximum (or critical) thickness, λ, at which the alloy plates are fully amorphous after copper mold casting was found to be very sensitive to alloy composition. In particular, alloys with compositions located in the CaMg 2 phase field of the liquidus projection had much better glass forming ability than alloys located in the CaZn 2 or Ca phase fields. It was suggested that the difference in behavior can be due to different kinetics of crystallization of these phases, so that the easier formation of Ca and CaZn 2 crystal phases during solidification does not allow significant liquid undercooling and glass formation during copper mold casting [6] . However, the relationship between GFA and liquid composition remains unclear. This work aims to explain the compositional dependence of the GFA of Ca-Mg-Zn liquid.
Several approaches have been proposed to assess GFA [9] [10] [11] . They are mainly based on the assumption that the nucleation and growth of the competing crystalline phases are the only events that prevent amorphization, so that the influence of the liquid composition on GFA can be analysed in terms of precipitation kinetics of the solid phases from the undercooled liquid.
According to classical nucleation theory, the steady-state nucleation rate of a new phase decreases exponentially with an increase in the height of the nucleation energy barrier. This quantity, which represents the work required to form one critical nucleus, depends on the solid/liquid interfacial energy and the chemical driving force for nucleation, and is the dominant factor that controls nucleation kinetics. As examples, Zhu et al. [9, 10] have calculated the time necessary to form a crystal phase in the undercooled liquid, and Tokunaga et al. [11] have calculated the critical cooling rates required to avoid crystallization in the liquid. In these approaches, the glass forming range (GFR) was correlated with composition ranges with relatively longer reduced times of formation of crystalline phases [10] or lower critical cooling rates to avoid crystallization [11] . These thermodynamic and quasi-kinetic calculations were conducted using CALPHAD databases that describe the undercooled liquid as a disordered phase.
Such phenomenological models of the liquid, expressed using mathematical representation of experimental data generally obtained at equilibrium, are convenient since they are widely available. However, this approach offers only qualitative insight for calculations performed outside the range where experimental data are available for optimization of the Gibbs energy parameters. In consequence, most available CALPHAD databases describing the liquid as a random solution are not capable of representing the thermodynamic properties of the liquid in a 4 physically complete way. Hakenberg et al. [12] suggest that calculations made by extrapolation of G-X or G-T curves provide values that should be considered only from a qualitative or semiquantitative point of view.
The most recent picture of a supercooled liquid describes locally favoured structure embedded in a normal random liquid [13, 14] . Such short range ordering (SRO) in the liquid gives rise to an excess of heat capacity upon cooling to T g [15] and tends to stabilize the undercooled liquid [16, 17] . As a result, driving forces for nucleation of the crystalline phases are lowered. To take this effect into account, Palumbo et al. [18] added a T -1 term in the expression of the random solution model representing the interaction parameters of the Gibbs free energy of the liquid.
However, data from to the undercooled liquid has to be obtained to assess or reassess existing thermodynamic descriptions. As demonstrated by Agren et al. [19] , reference states of the liquid phase components different from SGTE-Dinsdale [20] must be used to avoid unphysical C p curves. This is especially true when melting points of the components differ strongly, such as in the Ca-Mg-Zn system where T m (Zn) is half of T m (Ca).
In the present work, a thermodynamic analysis of the driving force for crystallization of the various phases in under-cooled Ca-Mg-Zn liquids was conducted to explain the compositional dependence of GFA. We use a computational thermodynamic model recently developed for the Ca-Mg-Zn system [21] to calculate the driving forces for nucleation of crystalline phases. Given the difficulty in representing SRO tendency in liquids with significant difference in melting temperature of the constituents, the effect of SRO in the liquid on the GFA is analysed via the fragility concept introduced by Angell [22] . After presenting the thermodynamic description of the Ca-Mg-Zn system, the method to calculate driving forces and the experimental procedure to produce glassy alloys, we discuss our results and analyze how GFA is related to the 5 crystallization driving force and the ordering tendency of the liquid. Results are also discussed in regards to the efficient cluster packing structural model [23] .
Computational and experimental procedures

Thermodynamic calculations
The thermodynamic calculations were conducted using critically assessed thermodynamic parameters [21] , based on the CALPHAD method [24] . In the assessment performed by Brubaker et al. [21] , the Ca- Table A1 of the Appendix.
The stable binary intermetallic phases are treated as stoichiometric compounds with two sublattices, (A) a (B) b . Their molar Gibbs energy is written as:
where C 1 and C 2 are constants, a and b are the atomic fractions of A and B constituents, The molar Gibbs energy of the Ca 2 Mg 6 Zn 3 ternary compound is expressed as: 
The solution phases, including the liquid, are treated as substitutional random solutions (Ca, Mg, Zn). The molar Gibbs energy of mixing is expressed by a sub-regular solution model in which 6 composition dependence is based on the Redlich-Kister equation [25] . The molar Gibbs energy for a solution phase φ is given by the formula: The method used to calculate the onset driving forces of various crystalline phases was described by Hillert [26] and is illustrated in Figure 1 x , are shown as vertical arrows in Figure 1 and can be written for the α phase for example as:
The ODF's were calculated at T = 390K which represents the average T g for the Ca-Mg-Zn alloys studied in the present work. Authors want to stress that the numerical values of the onset driving forces (ODF) are semi-quantitative. In consequence, calculating the ODF near T g or in the 7 proximity of the equilibrium state and then extrapolating down to T g leads to similar results from a semi-quantitative point of view.
Experimental procedure
The Ca-Mg-Zn alloys were prepared by mixing and induction melting of 99.9% pure elements.
The prepared alloys were induction re-melted in a quartz crucible and the molten metal was amorphous state and maximum (critical) thicknesses at which the alloys remained fully amorphous after the copper mold casting were examined using X-ray diffraction (XRD) and differential scanning calorimetry (DSC) following a procedure described in detail elsewhere [6] .
The compositions of the produced alloys, as well as their critical thicknesses, λ, glass transition, crystallization, solidus and liquidus temperatures, are given in Table 1 . generally indicates a higher crystallization resistance or a better ability for glass formation [27, 28] . Therefore, according to this criterion, the Ca 55 Mg 19 Zn 26 alloy must have the best GFA in the Ca 55 Mg X Zn 100-X alloy series (X = 0-40). This conclusion agrees well with the experimental results (see Table 1 ). Indeed, among three experimental alloys in this composition line (i.e. Figure 2 ).
Results and discussion
Similar results were obtained for alloys of Ca 60 Mg X Zn 100-X and Ca 100-X Mg X Zn 20 series. The ODF's calculated along these composition lines are represented in Figures 3 and 4 , respectively.
In the Ca 60 Mg X Zn 100-X system, the calculations predict that the undercooled liquid starts to crystallize by formation of two phases, CaZn at a lower Mg content (<17.5%) and CaMg 2 at a larger amount of Mg (see Figure 3) . The local minimum of the ODF is found at ~17.5% Mg, predicting the best GFA for the alloy Ca 60 Mg 17.5 Zn 22.5 in this alloy series, in agreement with the experimental results (see Table 1 and Figure 3) . Indeed, this alloy has the maximum critical thickness of 10 mm, and the critical thickness for the Ca 60 Mg X Zn 100-X alloys decreases with an increase in the ODF.
In the Ca 100-X Mg X Zn 20 alloy series, three phases are predicted to form during crystallization of the undercooled liquid (see Figure 4) . These are fcc-Ca (at 0-8% Mg), Ca Table 1 and Figure 4) . The GFA (i.e. critical thickness λ) appropriately decreases in the alloys with increasing ODF values.
The present results clearly demonstrate that a local minimum of the ODF within a given composition line corresponds to an alloy composition with the best GFA (the highest critical thickness) within this composition line. Similar correlations have recently been obtained for the Cu-Ti-Zr [27] and Cu-Mg-Y [28] ternary systems, which may indicate universality of this method for predicting the alloys with good forming ability. The best GFA within a given alloy system may therefore reasonably be predicted analytically from a complete two-dimensional plot of the ODF for the full composition space provided by that alloy system ( Figure 5 ). In addition to one minimum of the ODF for Ca-rich region, the Figure 5 indicates the presence of another ODF minimum in the Mg-rich region for the composition Ca 4 Mg 64 Zn 32 . Glass forming ability in this composition regime has recently been investigated by Gu et al. [29] . The best GFA has been found along the composition line Ca 5 Mg 80-X Zn 15+X . The glassy rods with a diameter of up to 4 mm were produced for the alloy Ca 5 Mg 67 Zn 28 , which is in good agreement with the calculated ODF minimum found in this composition range.
Several parameters allow evaluation of GFA from thermal behaviour of their amorphous state during reheating. The relationship between the ODF and the most widely used GFA indicators: [32] and ∆T xg ( Glass formation is a competing process between the liquid and crystalline phases, so that a reliable GFA indicator must account for the stability of the liquid phase and the competing crystalline phases. The ODF intrinsically represents this relative stability since it depends on the difference between Gibbs free energies of the liquid and crystalline phases. Among other GFA parameters, T rg measures the easiness for liquid to be undercooled into the glassy state, and α = T x /T l reflects stability of the glass against crystallization; while T rgx , as a combination of the two previous parameters, takes into account both liquid and glass stability against crystallization.
Similarly, the parameter γ considers both the relative stability of the liquid against crystallisation SRO may also contribute to differences in GFA of alloys with equivalent ODF values. Recent experimental investigations indicate the importance of SRO in the melt on GFA [16, 17] . SRO lowers the total free energy of the liquid compared to the corresponding ideal liquid state with a random structure [14] , and as a consequence reduces the thermodynamic driving force for crystallization. The two-order parameter model of Tanaka [14] , which describes the liquid with locally ordered structure embedded in a normal disordered liquid, suggests that the liquid becomes more stable against crystallization with an increase in the degree of SRO (fraction of the locally favored structure). The latter can be a result of the presence of efficiently packed clusters in the amorphous structure [23, 35, 36] . Topological studies [23, [35] [36] [37] [38] , supported by computer simulations [39] , show that a set of preferred solute-to-solvent radius ratios produces efficient atomic packing at both local (nearest-neighbor atomic clusters) and medium-range length scales.
This topological contribution to stability derives from an energetic term associated with reduced specific volume, and from a kinetic term by increasing viscosity and hence decreasing the rate of mass transport. The Ca-Mg-Zn system has a combination of atomic sizes sufficient to produce these efficiently packed local structures. According to the efficient cluster packing model [23] , To compare the degree of short range order for different compositions, one can evaluate the fragility index D which characterizes the strong nature of the liquid [33, 41] . Tanaka [14, 40] provides evidence for correlation between the critical cooling rate, R c , required for amorphization with the fragility index D and the reduced glass transition temperature T rg , in accord with the equation:
Using Equation 5, the fragility indexes D were calculated as a function of liquid composition from thermal behavior of Ca-Mg-Zn glassy alloys and from R c , which was calculated from the GFA parameter λ using an empirical equations suggested by Lu and Liu [32] . The results are shown in Table 2 
This result indicates that the combination of low driving forces for crystallization and strong liquid behavior results in better GFA. This is consistent with previous suggestions that improved GFA is associated with low driving forces [27, 28] , and that strong liquids are better glass formers [41, 42] . While the GFA of alloys generally increases with a decrease in the ODF for nucleation, the solid/liquid interfacial energy and SRO must also be taken into account when comparing the are the best glass forming alloy compositions because they combine the lowest driving forces for crystallization and strongest liquid behaviour.
Conclusions
A thermodynamic analysis of the driving force for the onset of crystallization of different phases from the under-cooled liquid in the Ca-Mg-Zn system was conducted. A strong dependence of the driving force on the alloy composition was found and the alloys corresponding to the local minima of the onset driving force were identified. These alloys were found to have good glass forming ability, having a maximum critical thickness at which they remained fully amorphous during copper mold casting of up to 10 mm. Although glass forming ability has a general tendency to increase with a decrease in the onset driving force, it is also enhanced with an This provides the first general analytic approach for identifying the best glass forming compositions across broad compositional regimes spanning more than one primary crystalline phase in metallic glasses. 11 Ca-Mg-Zn alloys given in Table 1 and Table 2 . Values of the critical thicknesses are indicated in millimeters in the black sphere for each alloy composition. The data are well fitted by the meshed plane drawn. Its equation and regression coefficient are also shown.
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